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mination of density 2ifferences by measurement of temperatures can 
be done very accurately. The same source recommends a thermo- 
couple system for measurement of temperature. 

INTRODUCTION 

Population explosion and industrial growth have greatly increased the 
use of water for domestic, industrial, and agricultural purposes. Sur- 

mportant for the maintenance. of fish and 
rial applications such a s  condenser water 
ants. Stratification due to  temperature 
n and transport of sewage effluent, the 
istribution of dissolved oxygen. On a 

oceans affects continental climatic conditions. 

Dissolved oxygenin streams is necessary for biological degradation of 
ir oxygen content 

iderations in the 
nels to control in- 

bidity currents 

a s  shown increasing awareness of the prob- 



Most stratified flow problems a r e  directly concerned with two-layered 
systems. Multilayered systems a re  less  common and have application 
primarily to problems in meteorology. An extension of the multilayered 
system is a system with a continuous density gradient. Uniform flow in 
a two-layered system is usually associated with density currents, which 
are  commonly known a s  gravity currents o r  underflows. Examples of 
this phenomenon are  cool-water underflows in streams and reservoirs, 
underflows of sewerage effluent, and density currents of suspended sed- 
iment in reservoirs. Uniform two-layered flow systems can exist in 
either a laminar o r  a turbulent state. 

Nonuniform flow problems in two-layered systems include the movement 
of saline wedges in salt water intrusion problems, the formation of sub- 
surface hydraulic jumps during filling of locks, and the motion of waves 
at  the interface between two layers. Interfacial mixing due to wave mo- 
tion must also be considered. The stability of the interface is important 
in the mechanism of selective withdrawal, with specific reference to the 
withdrawal of layers of known temperature in a stratified reservoir.  

After mixing at  the interface between fluids of different densities is well 
established, the mechanics of diffusion become important. Diffusion in - motionless, stratified systems is classified as  unsteady and one dimen- 
sional, and is analogous to one-dimensional heat conduction in a thin rod. 
In estuary studies the diffusion and accompanying distribution ~f salinity 
can be used to predict the distribution of other "contaminants, such a s  
dissolved oxygen. 

Highly stratified tidal estuaries (where the density differences a r e  large) 
tend to shift toward a vertically homogeneous (no stratification) type 
through a process of stead$.-state diffusion, dependent upon the velocity 
of the fresh water and the rate of arlergy disslpation. Another applica- 
tion is the diffusion of jets dislharging into a fluid of different density, 
a s  in sewerline ocean outfalls o r  atmospheric pollution problems. 

Mathematical Principles 













- 
h = flow depth, 

c P = density at bottom, 

AD = change in density over h 

M. B. Abbott and I.  Larsen [43] discuss the modeling of a shallow sur- 
face fluid spreading over.another fluid and state that it is sufficient for 

flow patterns. ; 
sented. Chen .p 



A third criterion for similarity is that the Reynolds' number in the model 
d be greater than a certain critical value based on the flow pattern. 

hecked in preliminary model tests. 

ause of laboratory space limitations or other reasons, the discharge 
hould be  increased to maintain turbulent flow and allow the viscous 



Measurements can be made in situ or  by coitinuous abstraction record- 

Choosing a Recording System 

Barr 1871 suggests that the following factors should be considered in the 
choice of a recording system: 

1. Accuracy over desired range of density difference. 

3 .  Ability to localize the point of measurement. 

4. Distu~Fance to the flow. 

-5. Whether recording is,autpmatic or  by observer; i f  automatic, 
whether continuous o r  intermittent; i f  intermittent, determination 

suitable interval. 

rved during one test. 

. Whether m&asurem&nts a r e  in situ or  after abstraction; if the 
atter, whether continuous o r  in samples; and the comparative value 
f the' results which might be obtained by these differing approaches. 

retation of recording. 







PRESENT STATE OF RESEARCH (1966) 

Research in stratified flow is currently being carried out by many 
agencies and institutions. Massachusetts Institute of Technology, 
California Institute of Technology, and many other domestic and 
foreign educational institutions have accomplished basic and applied . . 
research in the field, in many cases in cooperation with Government 

The U.S. Public Health Service, the Tennessee Valley Authority, the 
U.S. Army Corps of Engineers, the National Bureau of Standards, the 
U.S. Bureau of Reclamation, and many foreign agencies have conducted 

ASCE Seminar on Water Quality Management 

In July of 1965, a Seminar on the Hydraulic and Engineering Aspects of 
Water Quality Management in River and Reservoir Systems was held in 
Chattanooga, Tennessee, under the sponsorship of the American Society 
of Civil Engineers. The topics selected for discussion were: (1) im- 
podndments, (2 )  rivers, (3 )  estuaries, (4) models and specific project 
investigations. as  tools for solving.problems, (5) data, instrumentation 
and automation, (6 )  quality modification by physical controls,'' and (7) 
systems and optimization. It was concluded that a need exists for  im- 
proved designs of outlet structures with possible inclusion of devices 
such as floating weirs or  submerged barriers.  A special category of 

. improved outlet design is concerned with the design and testing of mul- ,. 

tiple outlets for existing structures. There is an apparent lack of data 
on model-prototype conformance. It was also noted that data a re  lack-.  
ing on the exchange of energy and gases (such a s  dissolved oxygen) 
across interfaces. !!. 

It was the consensus of the seminar participants that development of 
propriateinstrumentation is in its early stages, particularly with 
gard to portable equipment. 

in stratified 



density currents in reservoi&; flow of saline water from iocks into 
fresh water channels; recirculation of cooling water in rivers and canals; 
critical flow and hydraulic jumps in a multilayered system; atmospheric : , 

flow problems; stability of layered flows; selective withdrawal, including 
submerged sluice control of stratified flow and thermal density underflow 
diversion; diffusion of stratified flows; and oxygen balance in estuaries. 
It is noted that many of the general areas listed overlap each other. The 
purpose of including this list is to acquaint the reader with the wide var- 
iation in past and present research in stratified flow. 

ular reservoirs and correlation with prototype data, correlation of tem- 
perature-distribution with dissolved oxygen in reservoirs, artificial alter- 
ation of density current distribution in reservoirs and estuaries, effects 
of hydraulic structures such a s  stilling basins on reoxygenation of rivers, 



an ehtire river basin. 

Future plans also .include experiments on the natural reaeration rates of 
streams downstream from dams, inparticular for fast-moving streams 
which prevail in the Bureau of Reclamation regions. Similar studies have 
been made by the Tennessee Valley Authority on slow-moving streams. 
It is a1so hoped to  determine the effect of impoundments on the water qual- 
ity of streams by making quality measurements on a selected stream be- 
fore and after dam construction. 

Region 2 of the Bureau of Reclamation is engaged in a water quality pro- 
gram in California. The program includes determination of the effects 
of diversion from the Sacramento River on water quality in the Sacramento 
River Delta, effects of effluents from drains, reservoir turbidity, control 
of water temperature in reservoir releases, reservoir algae control, and 
other problems. Region 2 uses a mobile water quality monitoring van 
which contains instrumentation for the measurement of dissolved oxygen, 
pH,, conductivity, a i r  and water temperature, sunlight, and turbidity. 
Regions 1 and 4 a re  also engaged in water quality monitoring programs. 

~ e s e a r c h  by the Hydraulics Branch has been limited to an electric 'anal- 
ogy study of the effects of selective withdrawal from Lake Mead; hydrau- 
lic, ' electric analogy, and mathematical studies of salinity intrusion in an 
estuary; a general investigation of the hydraulics of density currents; a 
study of cooling water circulation for a thermal generating plant; and a 
limitedstudy of stratified flow over weirs. No research in the hydrau- 
lics of stratifie ucted,since 1956. 

To the best of :t 

PROPOSAL FOR RESEARCH BY THE HYDRAULICS BRANCH 



heat losses appear to be a problem, the area can be enclosed and iso- 
lated from the rest of the laboratory. A tentative layout of the test 
facility is shown in Figure 4. 
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ABSTRACT ABSTRACT 

A search of available l i terature on research in stratified flow revealed 
that the present s ta te  of research is dynamlc, with many agencies and 
institutions in several  countries involved. The report  reviews the 
mechanics of stratified flow, including mathematical principles and 
cr i ter ia  fo r  similarity. Alternative instrcmentatton systems a r e  d is -  
cussed. The research activities of the Fureau of Reclamation a r e  de-  

. . .  .. . ~ 

ABSTRACT ABSTRACT 

A search of available l i terature on r e sea rch in  stratified flow revtaled 
that the present s ta te  of reaearch i s  dynamic, with many agencies and 
institutions in severalcountriee involved. The report reviews the 
mechanics of stratified flow, including mathematical principles and 
cr i ter ia  for  similarity. Alternative instrumentation systems a r e  d ls -  
cussed. The research activities of the Bureau of Reclamation a r e  de-  
scribed and future research in hydraulics of stratified flow i s  proposed. 

. Research by the Hydraulics Branch will consist of general studies con- 
' cerning the influence of intake geometry on selective withdrawal f rom 

reservoirs.  The initial studies wfll be extended to determine the effects 
of reservoir  geometry. Gives 89 references. 

-. 
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